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(g) Method of forming crystalline silicon carbide coatings at low temperatures. 



(57) A method of forming crystalline silicon car- 
bide films is disclosed. The method comprises a 
chemical vapor deposition process in which a 
substrate is heated to a temperature above 
600°C. in the presence of a silicon containing 
cydobutane gas. 
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The present invention relates to the growth of 
crystalline silicon carbide films at low temperatures 
using silicon containing cyclobutanes as the source 
gas in a chemical vapor deposition (CVD) process. 

Crystalline silicon carbide is useful in many high 5 
temperature, high power and high frequency semi- 
conductor device applications because of properties 
such as a wide bandgap, high saturated electron drift 
velocity, high breakdown electric field, high thermal 
conductivity and good chemical resistance. However, 10 
most all fabrication processes require the formation of 
single crystal silicon carbide films. Normally, these 
films are grown by CVD at temperatures above 
1000°C. For instance, Learn et al., Appl. Phys. Let, 
Vol. 17, No. 1, July 1970, show the formation of cubic 15 
silicon carbide on alpha (6H) and beta (3C) silicon 
carbide substrates by the reactive evaporation or re- 
active sputtering of silicon in acetylene at tempera- 
tures as low as 1100°C. Similarly, Steckl and Li, IEEE 
Transactions on Electronic Devices, Vol. 39, No. 1, 20 
Jan. 1992, teach the formation of beta (3C) silicon 
carbide films on carbonized silicon (100) by rapid 
thermal CVD of silane and propane at 1100-1300°C. 

Other investigators have also demonstrated the 
deposition of 3C silicon carbide films from organosi- 25 
licon precursors at elevated temperatures. For in- 
stance, Takahashi et al. t J. Eiectrochem. Soc., Vol 
139, No. 12, Dec. 1992, teach the formation of 3C sil- 
icon carbide on Si(10O) and Si(111) substrates (with 
and without a carbonized layer) byatmospheric pres- 30 
sure CVD using hexamethyldisilane and hydrogen 
gas mixtures at temperatures of 1100°C. 

Golecki et al., Appl. Phys. Lett, 60 (14), April 
1 992, teach the formation of cubic silicon carbide on 
silicon (100) substrates by low pressure CVD using 35 
methylsilane at substrate temperatures as low as 
750°C. The process described therein, however, is 
limited just to the use of methylsilane as the precursor 
gas. 

The use of silicon containing cyclobutanes to 40 
form amorphous or polycrystalline silicon carbide 
films is also known in the art. For instance, U.S. Pa- 
tent No. 5,011,706, teaches the formation of amor- 
phous silicon carbide coatings by low temperature 
plasma enhanced CVD using a silicon containing cy- 45 
clobutane. Similarly, Larkin et al., Mat. Res. Soc. 
Symp. Proc. 204, 141 (1991) describe the formation 
of polycrystalline silicon carbide films on silicon (100) 
substrates by low temperature CVD using substituted 
1 ,3-disilacylobutanes. Likewise, Johnson et al., Mat. so 
Res. Soc. Symp. Proc. (November 1992) describe the 
formation of amorphous silicon carbide films by the 
thermal decomposition of si lacy clobutane at temper- 
atures in the range of 650-1 050°C. Neither of these 
references teach the formation of crystalline silicon 55 
carbide. 

We have now found that crystalline silicon car- 
bide films can be deposited at relatively low temper- 



atures using silicon containing cyclobutanes in a CVD 
process. 

The present invention provides a method of form- 
ing a crystalline silicon carbide film on a silicon sub- 
strate. The process comprises first growing a thin sil- 
icon carbide film on the silicon substrate by reacting 
it with a hydrocarbon gas ('carbonization'). The silicon 
substrate having the thin silicon carbide film is then 
heated to a temperature above 600°C. and exposed 
to silicon-containing cyclobutane gas to thereby de- 
posit the crystalline silicon carbide film. 

The present invention also relates to a method of 
forming crystalline silicon carbide films on a silicon 
carbide substrate. The process comprises heating 
the silicon carbide substrate to a temperature above 
600°C. and exposing the heated substrate to silicon 
containing cyclobutane gas to thereby deposit the 
crystalline silicon carbide film. 

The present invention is based on our unexpect- 
ed finding that crystalline silicon carbide (SiC) films 
can be grown at low temperatures (eg., between 600 
and 1000°C.) using silicon containing cyclobutane 
gas. 

The substrates used in the process of the present 
invention generally comprise either a single crystal 
silicon carbide substrate or a single crystal silicon wa- 
fer. Such substrates are commercially available. The 
first step in the process of the invention is cleaning 
the desired substrate. This cleaning provides a pris- 
tine crystalline surface to insure epitaxial growth. Ob- 
viously, however, if such a surface is available the ad- 
ditional cleaning is not necessary. Nearly any method 
which provides the desired clean surface can be used 
and many of these methods are known in the art. For 
instance, the substrate can be etched by dipping in an 
acid such as HF. Alternatively, the substrate can be 
etched in a corrosive atmosphere such as HCI/H 2 at 
elevated temperatures (e.g., greater than 1000°C). 

If a silicon substrate is used, a thin buffer layer of 
silicon carbide is then grown on the cleaned surface. 
Again, processes for growing these layers are known 
in the art and nearly any which provides the desired 
silicon carbide layer can be used. One example of 
such a process involves exposing the silicon to a hy- 
drocarbon gas ("carbonization") at elevated tempera- 
tures (e.g., >1 000°C.) under atmospheric or low pres- 
sure conditions. Hydrocarbons such as methane, 
ethane, propane, butane, ethylene and acetylene 
may be used. Specific examples of such processes 
include directing a stream of gas comprising propane 
diluted in H 2 (at a flow rate of 9 seem) and H 2 (at a flow 
rate of 0.9 l/min) at the substrate under atmospheric 
pressure at 1300°C. to produce a 25 nanometer SiC 
layer in 1 minute. Another example of such a process 
include directing a stream of gas comprising propane 
(at a flow rate of 99 seem) and H 2 (at a flow rate of 0.9 
l/min) at the substrate under 0.67 kPa (5 Torr) at 
1300°C. to produce a 120 nanometer SiC layer in 1 
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minute. If a silicon carbide substrate is used, it is not 
necessary to form the above layer. 

The crystalline silicon carbide layers are then 
formed on the substrates by a standard CVD process 
in which the substrate is heated to the desired tem- 
perature in a deposition chamber followed by expos- 
ing the substrate to a silicon containing cyclobutane 
gas. Substrate temperatures above 600 °C. are useful 
herein with temperatures in the range of 600 to 
1 200°C. being preferred. More preferred are temper- 
atures in the range of 600 to 1000°C. 

The time necessary for the formation of the films 
varies depending on the concentration of silicon con- 
taining cyclobutane and the desired film thickness. 
Generally, exposure times of 1-30 minutes are suffi- 
cient. 

The source gases used in the process of the pres- 
ent invention are silicon-containing cyclobutanes. 
More specifically, the source gases are cyclobutanes 
in which one or more of the carbon atoms of the ring 
have been replaced by silicon atoms, provided 
enough carbon remains to form the SiC. Cyclobu- 
tanes with one silicon atom include silacyclobutanes 
represented by the formula 



R 0 Si- 
2 | 



-CR J 
I 

-CR' 



where each R is independently selected from the 
group consisting of hydrogen, fluorine and hydrocar- 
bon radicals having 1 to 4 carbon atoms and each 
R* is independently selected from hydrogen and hy- 
drocarbon radicals having 1 to 4 carbon atoms. For 
example, useful silacyclobutanes include the parent 
compound silacyclobutane (H 2 SiC 3 H 6 ) and deriva- 
tives such as 1,1-difluorosilacyclobutane, 1-methyl- 
silacyclobutane, 1 , 1 -dimethylsilacyclobutane, 1 ,1 - 
ethylmethylsilacyclobutane, 1-butylsilacyclobutane, 
2,4-dimethylsilacyclobutane, 3,3-diethylsilacyclobu- 
tane and 3,3-ethylpropylsilacyclobutane. 

Cyclobutanes with two silicon atoms include 1 ,3- 
disilacyclobutanes represented by the formula 



-CR' . 



-SiR. 



R~Si- 

2 | 
R' 2 C- 



where each R and R' has the same meaning as de- 
scribed previously. For example, useful 1,3-disilacy- 
clobutanes include the parent compound 1,3-disilacy- 
clobutane and derivatives such as 1, 1,3,3- tetra- 
fluoro-1,3-disilacyclobutane, 1 -methyl- 1,3-disilacy- 
clobutane, 1,3-dimethyl-1,3-disilacyclobutane, 1,1- 
ethylmethyl-1 f 3-disilacyclobutane, 1-butyl-1,3-disila- 
cyclobutane, 2,4-dimethyM ,3-disilacyclobutane, 



2,2-diethyl-1,3-disilacyclobutane and 2,4-ethylpro- 
pyl-1 ,3-disilacyclobutane. 

While it should be apparent to one skilled in the 
art that other volatile silicon-containing cyclobutanes 
5 may function equivalentiy as source gases in the 
method of this invention, it is believed that the silacy- 
clobutanes and 1 ,3-disilacyclobutanes are preferable 
because of their ease of handling and more ready 
availability. 

10 The above silacyclobutane and 1,3-disilacyclo- 

butane as well as their derivatives are known materi- 
als and methods for their production are present in the 
art. For example, the preparation of silacyclobutane 
from 1,1-dichlorosilacyclobutane by lithium alumi- 
15 num hydride reduction is described by J. Laane, J. 
Am. Chem. Soc. 89, 1144 (1967). 

The above silicon-containing cyclobutane vapor 
is generally diluted in the deposition chamber with an 
inert carrier gas. Such carriers can include hydrogen, 
20 argon and helium. Although the dilution is dependent 
on the rate of exposure to the substrate, generally di- 
lutions of cyclobutane:carrier in the range of 1:1 to 
1:10000 are used. Of course, mixtures of more than 
one of the silicon-containing cyclobutane species 
25 may also be used in the mixture. 

The total pressure of the gases in the deposition 
chamber can be varied over a wide range and is gen- 
erally controlled to a level which provides a reason- 
able rate of epitaxial growth. Generally, pressures in 
the range of 1 33.3 Pa (1 torr) to atmospheric pressure 
are used. 

The amount of chemical vapor introduced into the 
deposition chamber should be that which allows for a 
desirable SiC film growth rate. It is preferred, how- 
ever, that the deposition chamber be "starved" such 
that nearly all of the cyclobutane in the atmosphere 
is deposited, thereby slowly growing the crystalline 
structure. Growth rates in the range of 1-1000 nano- 
meters/min may generally be achieved. 
40 The process of the invention can be conducted 

under static conditions, but it is usually preferred to 
continuously introduce a controlled amount of vapor 
into one portion of a chamber while drawing a vacuum 
from another site in the chamber so as to cause flow 
45 of the vapor to be uniform over the area of the sub- 
strate. 

The deposition chamber used in the process of 
the invention can be any which facilitates the growth 
of films by a CVD process. Examples of such cham- 
50 bers are described by Golecki et al. and Steckl et al. a 
supra. 

In addition, it is contemplated that the crystalline 
silicon carbide epitaxial growth can be assisted by a 
variety of processes. For instance, it is contemplated 
55 that molecular beam epitaxy, lasers and/or ion beams 
can be used to excite the gaseous species and, there- 
by, grow the epitaxial layer at lower temperatures. 

The resultant films are crystalline 3C or 6H SiC. 
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They can be grown in a wide variety of thicknesses 
such as from about 0.01 micrometer up to and ex- 
ceeding 5 micrometers. These films exhibit transmis- 
sion electron diffraction patterns consisting only of 
sharp spots with cubic symmetry. X-ray diffraction of 5 
these films exhibit primarily the (200) and (400) SiC 
lines. 

The following non-limiting example is provided so 
that one skilled in the art may better understand the 
invention. 10 

Example 1 

Four Si (100) wafers were cleaned in an HCI/H 2 
atmosphere at 1200°C. A thin SiC film was then 15 
grown on the cleaned wafers by atmospheric pres- 
sure carbonization using a propane flow of 9 seem 
and a separate H 2 flow of 0.9 l/min resulting in a 25 
nm SiC layer. SiC films were then grown on the coat- 
ed wafers using silacyclobutane at 900 and 1100°C. 20 
in the device of Figure 1 . The growth reaction is per- 
formed at 0.67 kPa (5 Torr) with 1. seem silacyclobu- 
tane and 2 l/min H 2 flow for 1 minute (thin layers) and 
10 minutes (thick layers). 

Transmission electron microscopy (TEM) and 25 
diffraction (TED) were performed on the thin films. 
The thin layers grown on the wafers at 900 and 
1100°C. showed only single crystal material. 

The thick layer grown at 900°C. showed a growth 
rate of 1 00 nm/min and was examined by convention- 30 
al x-ray diffraction (theta-2 theta). The XRD showed 
major peaks for SiC (200) reflection at 41 .44° and the 
SiC (400) reflection at 89.90°. Only very small peaks 
were observed for SiC (111) and (220), indicating that 
the dominant structure is (100) with minor compo- 35 
nents of other orientations. 

Four additional Si (100) wafers were cleaned in 
an HCI/H 2 atmosphere at 1200°C. A thin SiC film was 
then grown on the cleaned wafers by low pressure of 
0.67 kPa (5 Torr) carbonization using a propane flow 40 
of 99 seem and a separate H 2 flow of 0.9 l/min result- 
ing in a 120 nm SiC layer. SiC films were then grown 
on the coated wafers using silacyclobutane at 900 
and 1100°C. in the device of Figure 1. The growth re- 
action is performed at 0.67 kPa (5 Torr) with 1 seem 45 
silacyclobutane and 2 l/min H 2 flow for 1 minute (thin 
layers) and 10 minutes (thick layers). 

Transmission electron microscopy (TEM) and 
diffraction (TED) were performed on the thin films. 
The thin layers grown on the wafers at 1100°C. 50 
showed only crystalline material. The thin layer grown 
at 900°C. exhibits a TED pattern which indicates a 
combination of crystalline and polycrystalline struc- 
tures. 

55 

Example 2 

Four Si (111) wafers were cleaned in an HCI/H 2 



atmosphere at 1200°C. A thin SiC film was then 
grown on the cleaned wafers by atmospheric pres- 
sure carbonization using a propane flow of 9 seem 
and a separate H 2 flow of 0.9 l/min resulting in a 25 
nm SiC layer. SiC films were then grown on the coat- 
ed wafer by silacyclobutane pyrolysis at 900 and 
1 1 00°C. in the device of Figure 1 . The growth reaction 
is performed at 0.67 kPa (5 Torr) with 1 seem silacy- 
clobutane and 2 l/min H 2 flow for 1 minute (thin layers) 
and 10 minutes (thick layers). 

The thick layer grown at 900°C. yielded a growth 
rate of 50 nm/min and was examined by conventional 
x-ray diffraction (theta-2 theta). The XRD shows a 
very large and sharp peak at the (111) reflection 
(35.63°). With the exception of the second order re- 
flection at 75.46°, no other SiC peaks are observed. 
This indicates that the film is monocrystalline with a 
(111) orientation. 



Claims 

1. A method of growing an epitaxial silicon carbide 
film on a silicon substrate comprising: 

growing a silicon carbide buffer layer on 
the silicon substrate by carbonization; 

heating the silicon substrate having the 
thin silicon carbide buffer layer to a temperature 
above 600°C; and 

exposing the heated silicon substrate to a 
gas comprising a silicon containing cyclobutane 
for a time sufficient to grow the epitaxial silicon 
carbide film. 

2. The method of claim 1 wherein the silicon sub- 
strate is cleaned prior to growing the silicon car- 
bide buffer layer by a method selected from dip- 
ping the substrate in an acid and exposing the 
substrate to HCI/H 2 at a temperature above 
1000°C. 

3. The method of claim 1 wherein the carbonization 
is performed by exposing the substrate to a gas 
mixture comprising a hydrocarbon and hydrogen 
gas at a temperature above 1000°C. 

4. The method of claim 1 wherein the silicon con- 
taining cyclobutane comprises a material having 
the structure: 

R 0 Si CR' 0 

2, j 2 

R' 2 C CR' 2 

wherein each R is independently selected from 
hydrogen, fluorine and hydrocarbon radicals hav- 
ing 1 to 4 carbon atoms and each R' is indepen- 
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dently selected from hydrogen and hydrocarbon 
radicals having 1 to 4 carbon atoms. 

5. The method of claim 1 wherein the silicon-con- 
taining cyclobutane comprises a material having 5 
the structure: 



wherein each R is independently selected from 
hydrogen, fluorine and hydrocarbon radicals hav- 15 
ing 1 to 4 carbon atoms and each R' is indepen- 
dently selected from hydrogen and hydrocarbon 
radicals having 1 to 4 carbon atoms. 

6. The method of claim 1 wherein the gas also com- 20 
prises an inert carrier gas in a ratio of cyclobu- 
tane:carrier In the range of 1:1 to 1:10000. 

7. The method of claim 1 wherein the heated silicon 
substrate is exposed to the silicon-containing cy- 25 
dobutane gas for a time in the range of between 

1 and 30 minutes. 

8. The method of claim 1 wherein the heated silicon 
substrate is exposed to the silicon-containing cy- 30 
dobutane gas at a pressure in the range of be- 
tween 133.3 Pa (1 Torr) and atmospheric pres- 
sure. 

9. The method of daim 1 wherein growth of the epi- 35 
taxial silicon carbide film is assisted by a means 
selected from molecular beam epitaxy, ion 
beams and lasers. 

10. A method of growing an epitaxial silicon carbide 40 
film on a silicon carbide substrate comprising: 

heating the silicon carbide substrate to a 
temperature above 600°C; and 

exposing the heated silicon carbide sub- 
strate to a gas comprising a silicon containing cy- 45 
dobutane for a time sufficient to grow the epitax- 
ial silicon carbide film. 



R 0 Si CR' 




10 



50 



55 



5 



SDOCID: <EP 



0639661A2 I > 



CO 

< 

CD 
CO 

CD 
CO 
CO 

o 

Q. 
LU 



(19) 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



(12) 



(88) Date of publication A3: 

03.04.1996 Bulletin 1996/14 



or) EP 0 639 661 A3 

EUROPEAN PATENT APPLICATION 

(51) mt ci •: C30B 25/02, C30B 29/36 



(43) Date of publication A2: 

22.02.1995 Bulletin 1995/08 

(21) Application number: 94305931.1 

(22) Date of filing: 10.08.1994 



(84) Designated Contracting States: 


• Steckl, Andrew J. 


DEFRGBITNL 


Cincinnati, Ohio (US) 


(30) Priority: 16.08.1993 US 106665 


• Li, Ji-Ping 


Mountain View California 94040 (US) 


(71) Applicant: DOW CORNING CORPORATION 


• Yuan, Chong 


Cincinnati, Ohio (US) 


Midland, Michigan 48686-0994 (US) 


(72) Inventors: 


(74) Representative: Bullows, Michael 


Dow Corning Limited, 


• Loboda, Mark Jon 


Cardiff Road 


Midland, Michigan (US) 


Barry, South Glamorgan CF63 2YL, Wales (GB) 



(54) Method of forming crystalline silicon carbide coatings at low temperatures 



(57) A method of forming crystalline silicon carbide 
films is disclosed. The method comprises a chemical va- 
por deposition process in which a substrate is heated to 



a temperature above 600°C. in the presence of a silicon 
containing cyclobutane gas. 
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